The refined de Sitter derivative conjecture provides constraints to potentials that are low energy effective theories of quantum gravity. It can give direct bounds on inflationary scenarios and determine whether the theory is in the Landscape or the Swampland. We consider the 'Higgs inflation' scenario taking the refined de Sitter derivative conjecture into account. Obtaining the critical lines for the potential, we find a conjecture parameter space in which the 'Higgs inflation' is to be in the Landscape. Comparing with the model independent observational bounds from recent data we find that the observational bounds represent the Higgs inflation can be in the Landscape.
INTRODUCTION
Recent papers proposed new Swampland conjecture criteria regarding the derivative of the scalar field potentials. The so called 'de Sitter derivative conjecture' states that the total scalar potential V (φ) of a low effective theory consistent to a reasonable quantum gravity theory needs to satisfy at least one of the following conditions [1] [2] [3] .
where c 1 , c 2 are O(1) positive constants.
1
The first conjecture, which corresponds to the initial "dS derivative conjecture" had severe tension with numerous phenomenological models, both in particle physics and inflation. In particular, the single derivative conjecture ruled out the de Sitter (dS) vacua of a consistent theory as ||∇V || = 0 but V > 0 for a dS vacuum, even though the dS vacuum is the vacuum energy solution of Einstein's equation with a positive cosmological constant. Hence the cosmological constant scenario is excluded when taking this conjecture to be true. In order to explain the currently observed universe, one may alternatively adopt the quintessence field with an exponentially decaying potential V Q (Q) = Λ 4 Q e −c Q Q which allows the dynamical vacuum energy with the present values of the quintessence field and the scale parameter as Q ∼ 0 and Λ Q ∼ O(1) meV. Interestingly, the swampland conjecture then restricts the range of the unknown parameter c Q as
The electroweak sector and inflation needed to be modified when "only" taking the first derivative conjecture into account. The electroweak sector with the Higgs potential V H = λ h 2 − v 2 2 violated the conjecture at the local maximum [5] [6] [7] , and conventional single field slowroll inflation also contained severe tension with observational parameters, and needed modifications to satisfy 1 Taking V ∼ ∆V /∆φ, we get ∆φ/M P ∼ < 1/c 1 for ∆V /V < 1 from the first condition. We observe that this result is essentially compatible with the Lyth bound [4] . the conditions [8] [9] [10] [11] . We also see many papers considering various constructions and implications of the conjecture .
The addition of the second conjecture weakened the condition when the first conjecture was the sole introduction. This conjecture can be easily satisfied through generic potentials where the field value is in low scale ∆φ
The original EW sector, axions, and other phenomenological situations with high tension with the first condition are made plausible theories in the Landscape by the addition to the conjecture. Previous single field, slow roll inflation models are also revived by this introduction. However, in contrast to the low energy regime, inflationary dynamics occur at high energy scales, which do not always satisfy the conjecture. Hence the conjecture does provide constraints to inflationary models by providing possible values for c 1 , c 2 [40] . Recently, generic methods of analyzing a monotonic potential with an inflection point have been developed [41] and minimal gauge inflation [42] has been considered in detail 3 . We now turn our interest to the Higgs inflation scenario. The goal is to find the constraints for constants c 1 , c 2 given from the Higgs inflation potential, and compare with model independent parameter spaces. In nature, we have already observed the Higgs field at the LHC 4 , and it is proposed to be the only scalar field in the Standard Model. The Higgs inflation interprets the Higgs as the inflaton [44] , where the Higgs field has a nonminimal coupling to gravity. At the tree-level, the model predicts the spectral index of the primordial curvature power spectrum (n s ≈ 0.965) and tensor-to-scalar ratio (r ≈ 0.003) in agreement with the latest observational data [45] [46] [47] . The effect of quantum corrections have been extensively studied in Refs. [48] [49] [50] [51] [52] [53] . The Higgs inflation scenario may also allow significant primordial black hole production (PBH) and explain the dark matter problem [54, 55] (also see [53] ).
This letter is composed as follows: in Sec. II we introduce our model set-up where the nonminimally coupled Higgs field and the Higgs potential are examined, and we calculate the parameters from the dS derivative conjecture from this specific potential. In Sec. III, we identify cases in which the Higgs potential satisfy the conjecture and obtain the parametric bounds of c 1 , c 2 .
We then compute the model independent observational bounds and compare the overlapping regions with the Higgs potential. We conclude in Sec. IV.
II. NONMINIMALLY COUPLED HIGGS INFLATION AND SWAMPLAND PARAMETERS
In the unitary gauge, we write the SU(2) doublet Higgs as H = (0, v+h)
T / √ 2 with the vacuum expectation value v ≈ 246 GeV from the Fermi constant,
GeV. The action of a general inflation (with the reduced Planck scale, M P = 1) can be written as
where D µ is the covariant derivative of the SM gauge interactions. We take the conformal transformation to shift the frame from the Jordan frame to the Einstein frame by introducing the metric g µν = Ω 2 g J µν where the factor Ω 2 = 1 + ξh 2 J . Then the Ricci scalar transforms as
Hence the action becomes canonical in the Einstein frame with the form of
where
the canonically normalized field in the Einstein frame h is obtained by solving the following:
in the metric form. The Higgs inflation potential in the Einstein frame becomes:
FIG. 1: Functions F 1 (h) , F 2 (h) with parameters λ = 0.13, ξ = 17000.
Transforming frames according to Eq (6), the potential in Einstein frame is approximately expressed as
From this potential we define functions corresponding to the constants c 1 , c 2 from the dS swampland conjecture:
These functions evaluate the 1st and 2nd derivative conjecture until a desired field value
where φ min , φ max are the allowed minimum and maximum field values for a certain c 2 , and are determined by F −1
The functions are plotted in Fig 1. Notice that the function F 2 is not a monotonic function, in contrast to the minimal gauge inflation case [42, 56] as well as the natural inflation case [57] . This results in φ min , φ max for one c 2 as expressed above. As the condition in Eq. (11) provides the upper bound of h at F −1 1 (c 1 ) and the condition in Eq. (12) provides a finite allowed region, h ∈ [φ min , φ max ], there is no parametric region in (c 1 , c 2 ) which allows the whole field space, h ∈ [0, ∞), satisfying the dS conjecture. Although this looks disappointing at first glance, what we actually need for a successful inflationary dynamics is not requesting the whole region of the field space but the space in which the inflationary dynamics takes place: h ∼ < h * where we may choose h * = h Ne=60 (50) for a large enough number of e-folds, N e = 60 (50) assuming that the potential gets corrected by e.g. higher order operators, O(h 6 /M 2 P ) [49, 50] . If we accept this phenomenological requirement, then we can still find a reasonable parameter space in (c 1 , c 2 ) for h ∼ < h * as we will explicitly show in the next section.
III. PHENOMENOLOGICAL REQUEST FOR THE dS CONJECTURE
To identify the highest field value for h, we first check the number of e-folds, N e (h) and find h * giving N e = 60 (50) . Assuming h end h * , the number of e-folds is given as
and for 60(50) e-folds, we get h * ≈ 5.4(5.1), respectively [58] . Note that this result is independent of the numerical choices of λ and ξ. By restricting our field space to h ∈ [0, h * ], there can be two cases in which the Higgs potential can satisfy the conditions:
In (Case-1), the 1st condition is satisfied in the whole region, and the 2nd condition results in an arbitrary c 2 . In (Case-2), contrarily, the plateau region of the potential satisfies the 2nd condition and the low energy regions of the potential fulfill the 1st condition. In Fig. 2 , we schematically depict the (Case-1) and (Case-2) when the dS conjecture is fulfilled by some proper choices of (c 1 , c 2 ). Violation to these requirements will result in a region on the potential that neither satisfies both conditions, in which is contradictory to the conjecture and will result in the theory living in the Swampland.
In Fig. 3 , the region satisfying the dS conjecture (i.e. the region of (c 1 , c 2 ) in the "Landscape") is depicted. (Case-1) has a bound in c 1 ∼ < 0.02. (Case-2) shows a bound for c 1 ∼ < 1.6, c 2 ∼ < 0.016 for N e = 60. The allowed parameter space is slightly enlarged when we take N e = 50 instead of 60. The parameteric dependence on ξ is weak. This implies that our analysis holds for a broad parametric region of ξ.
slow roll region, the tensor-to-scalar ratio and the spectral index are expressed in terms of ( V , η V ) or (F 1 , F 2 ) at h * as
or
Therefore by considering the observed results for r and n s , we can directly obtain the allowed region of (F 1 (h * ), −F 2 (h * )) as shown in the left figure of Fig. 4 .
Here we have used recent inflationary observation data of Cosmic Microwave Background radiation (CMB) from the Planck observatory [46, 47] and also the data taken by the BICEP2/Keck CMB polarization experiments [45] n s 0.965 ± 0.0004, r ∼ < 0.06.
The right figure in Fig. 4 shows the observational bound of (c 1 , c 2 ) as well as the bound of the dS conjecture for the Higgs inflation model. The observational bound is obtained by taking the maximum horizontal and vertical values from the left figure in Fig. 4 . The values for the observation take a contour in which the values are F 1 (h * ) 0.076(0.095), −F 2 (h * ) 0.020(0.022) from the 1σ(2σ) confidence level of the data, and the permitted region of c 1 (c 2 ) is the highlighted area left(below) of these values. This observational bound applies for any slowroll inflationary models albeit the observational bound is weak in that it does not provide the upper bound of c 1 , c 2 , whereas the bound from the Higgs inflation model does for c 1 . Even when we only take the observational bound, c 1 and c 2 cannot coexist in the region of O(1), implying the allowed region is not typically in favor with existing quantum gravity models. Meanwhile, if we take the conjecture 'and' the observational bounds into account, the Higgs inflation is necessarily in the Landscape.
IV. CONCLUSION
In this letter we closely examined the Higgs inflation with nonminimal coupling in the de Sitter derivative conjecture. We evaluated the universal constants c 1 and c 2 for the Higgs potential and also provided a parametric region in which this inflation theory is to be in the Landscape. We also presented an observational bound from recent data, and the bound from the Higgs inflation model is in the interior of the observational bound. The observationally consistent values of c 1 and c 2 cannot simultaneously be O(1). However, emphasizing them 
